The results of a study of chitosan membranes exhibiting enhanced antimicrobial properties are described in this work. It has been shown that a promising approach to imparting antibacterial and antifungal properties to filtration membranes containing chitosan in a water-insoluble base chemical form is their modification with nanocluster silver. Various nanocluster silver preparations have been compared to identify the sample exhibiting the highest antimicrobial activity. Water-resistant chitosan membranes with the addition of various amounts of nanocluster silver from the Argovit preparation have been synthesized and tested for antimicrobial activity against aerobic and anaerobic bacteria and mold and yeast-like fungi. It has been found that the membranes modified with nanocluster silver exhibit high antimicrobial activity and can be used to purify biological products synthesized by membrane methods from pathogenic bacteria and fungi.
INTRODUCTION
Membrane technologies are commonly used in the food, microbiological, chemical, pharmaceutical, and other industries, as well as in water conditioning and water treatment [1, 2] . The main component of the filtration-separation modules is selectively permeable membranes synthesized from various feedstocks.
It was shown in [3] [4] [5] [6] that a promising polymeric feedstock for synthesizing filtration membranes intended for the separation of multicomponent aqueous biological solutions is polyaminosaccharide chitosan. It was found that, to synthesize water-resistant separation membranes exhibiting fairly high strain resistance and strength characteristics, it is necessary to use chitosan with a molecular weight of more than 300 kDa and a degree of deacetylation above 75 mol %. Factors that affect the solubility of macromolecular chitosan were analyzed and optimum technology for the preparation of concentrated solutions of macromolecular chitosan was proposed. Formulations of casting solutions for synthesizing micro-, ultra-, and nanofiltration membranes and reverse osmosis membranes were developed to provide the formation of membranes of the respective type with acceptable flux and selectivity parameters. Using the dry and dry-wet casting methods, isotropic and anisotropic filtration chitosan membranes were synthesized and tested to determine their porosity, flux, and rejection ability. It was found that the flux and rejection ability of the developed chitosan membranes correspond to the performance characteristics of filtration membranes based on other polymers. The authors of [3] synthesized water-resistant chitosan filtration membranes and determined the main characteristics of the membranes.
Many biotechnologies that use filtration membranes to isolate and fractionate target bioproducts from multicomponent solutions are associated with the problem of purifying the resulting substances from pathogenic microorganisms which contaminate them (bacteria, fungi, viruses) [1, 2] . An urgent task is therefore to develop filtration membranes, particularly those based on chitosan, which exhibit enhanced antimicrobial properties.
The antimicrobial properties of chitosan and the membrane materials based on it have been the focus of a large number of experimental studies [7] [8] [9] [10] [11] .
In an original powder-like feedstock, chitosan is in the base chemical form and does not exhibit antimicrobial activity. Chitosan dissolution leads to the protonation of chitosan amino groups NH 2 and the formation of free positively charged amino groups which pass into salt membranes during solution casting. The occurrence of cations in membranes based on chitosan salts imparts antibacterial properties to these membranes [7] [8] [9] [10] [11] .
However, a fairly long storage and operation of chitosan salt membranes leads to their aging and, therefore, to significant changes in their structure and properties. It was found that the aging of membranes containing chitosan in the salt form leads to a gradual amidization of the amino groups of chitosan macromolecules and their reacylation. These processes lead to a decrease in the degree of deacetylation and protonation of chitosan in the salt membranes and, thereby, to a significant decrease in their bactericidal activity or even the complete halt of this activity [12] .
The main disadvantages of chitosan salt membranes are their unlimited sorption of both water vapors and liquid water and the absence of an equilibrium degree of swelling, which leads to a low water resistance of the membranes and a loss of strength. For example, in the case of the absorption of more than 250 wt % of water vapors by chitosan acetate membranes within 72 hours, the membranes begin to dissolve. In the case of direct contact with water, all chitosan salt membranes undergo unlimited swelling; as early as 30 minutes after the onset of swelling, they are completely dissolved [13] .
Since chitosan salt membranes undergo dissolution in aqueous media and lose strength during swelling, they cannot be used in the filtration separation of multicomponent aqueous biological solutions, despite the fact that they exhibit antibacterial properties.
The problem of synthesizing membranes with enhanced antimicrobial properties using chitosan has been addressed by many researchers [14] [15] [16] .
The authors of [14] studied chitosan salt membranes synthesized using glutaraldehyde as a crosslinking agent. Silver nanoparticles exhibiting high activity against four strains of mycelial fungi staining wood products were introduced into the membranes. It is recommended that the synthesized membranes should replace chemical preservatives to control fungal contamination in the forest industry. The membranes were modified with colloidal silver synthesized from silver nitrate with sodium borohydride with a particle diameter of about 70-100 nm.
Composite nanofiltration membranes developed using polydopamine, hydroxypropyl trimethyl ammonium chloride chitosan, and modifying colloidal silver derived from silver nitrate were studied in [15] . The sizes of the silver particles that were introduced into the membranes to impart antibacterial properties to them were not determined. The studies were conducted only with respect to the antibacterial properties of the membranes against bacteria Eschericha coli.
The authors of [16] described the results of a study of composite membranes based on polyvinyl alcohol and chitosan with the introduction of silver nitrate AgNO 3 into their composition. The membranes were synthesized using γ-radiation to provide the reduction of silver and impart antibacterial activity to the membranes. The silver particle sizes were 12.8-27.5 nm.
Membranes are recommended for biomedical applications; they do not exhibit water resistance.
The exploratory research conducted by the authors and the analysis of the efficiency of various decontaminating methods and preparations revealed that the most promising method to enhance the antimicrobial activity of filtration membranes containing chitosan in the water-insoluble base chemical form is the introduction of antimicrobial additives in the form of nanocluster silver into the membrane composition.
The high antimicrobial activity of nanocluster silver has been confirmed in many studies [17] [18] [19] [20] [21] [22] [23] [24] . It was found that nanocluster silver exhibits high antimicrobial activity against both aerobic and anaerobic bacteria (particularly antibiotic-resistant strains) and a large number of fungi and viruses [18] [19] [20] [21] .
It was found that the death of microorganism cells is caused by the interaction of Ag + silver ions with the cells. According to modern concepts, silver ions are sorbed by the cell envelope of microorganisms, which performs a protective function; penetrate into the cell; hinder the cell division; inhibit respiratory chain enzymes; uncouple oxidation processes; and, thereby, cause the cell death [19] .
Some studies showed that cells lose their viability owing to the interaction of electrostatic forces arising between negatively charged microbial cells and positively charged nanosilver ions during the adsorption of the ions by the microorganism cells [21] .
The choice of nanocluster silver as antimicrobial additives into the composition of chitosan membranes is attributed to the main advantage of this material, namely, the small size of silver nanoparticles. The size of the particles contained in modern nanocluster silver preparations varies in a range of 1-10 nm; most of the particles have a size of 1-2 nm [25] [26] [27] . Particles of this degree of dispersion have a significantly larger surface area (relative to the volume); for them, the number of the most active surface Ag atoms and the number of Ag atoms inside the nanoparticle are comparable. This feature provides a decrease in the ionization potential of silver atoms and an easier generation of Ag + silver ions from the highly developed surface of nanocluster silver particles. Therefore, nanocluster silver particles are a kind of depot of silver ions, which are constantly generated and eliminated from the surface of nanoparticles while contacting with pathogenic microorganisms and binding to them [28, 29] .
In addition, the small particle sizes of nanocluster silver provide the formation of fairly stable aggregation-and sedimentation-resistant casting solutions of chitosan modified with this silver.
Special studies revealed that nanocluster silver preparations, if used correctly, pose no risk to human health [19, 21, 23] .
To synthesize water-resistant, water-insoluble, and fairly strong-both isotropic and anisotropic-chi- MEMBRANES tosan membranes, the authors of [3] proposed a procedure to provide the conversion of chitosan from polysalt to polybase form. However, after this chemical modification, chitosan membranes almost completely lose their antimicrobial activity. The aim of this study is to develop and characterize water-insoluble chitosan filtration membranes exhibiting enhanced antimicrobial properties owing to the introduction of silver nanocluster into their composition.
EXPERIMENTAL
To impart antimicrobial properties to membranes containing chitosan in a water-insoluble base chemical form, additives to casting solutions in the form of nanocluster silver contained in commercially available domestic preparations Argovit, Argodez, Argonika, and AgBion-2 were used.
The Argovit preparation is produced by the Vektor-Vita Scientific and Production Center (Novosibirsk, Russia) in the form of an aqueous solution with a nanocluster silver content of 1-1.2 mg/mL (1000-1200 ppm). According to electron microscopic measurements of the preparation developers, the sizes of most of the cluster silver particles in Argovit are 1.4-1.6 nm. Silver nanoclusters are stabilized in solution with polyvinylpyrrolidone, which also exhibits an antitoxic effect. Argovit is used in the form of dilute aqueous solutions.
The Argodez preparation is produced by the Biotec company (Moscow, Russia) in the form of an aqueous solution with a nanocluster silver concentration of 0.2 mg/mL (200 ppm). The cluster silver particle sizes are 1-4 nm. The stability of silver nanoclusters in solution is achieved by stabilization with a natural surfactant.
The Argonika preparation is produced by the Vektor-Pro Scientific and Production Center (Novosibirsk, Russia) in the form of an aqueous solution with a nanocluster silver concentration of 5 mg/mL (5000 ppm) with the addition of water-soluble chitosan in an amount that does not lead to the aggregation of silver nanoparticles. The cluster silver particle sizes are 1-5 nm.
The AgBion-2 preparation is produced by the Nanoindustriya group of companies (Moscow, Russia) in the form of an aqueous solution of nanocluster silver with particle sizes of 1-10 nm and a concentration of 0.45 mg/mL (450 ppm). The silver nanoparticles are synthesized using reverse micelles and stabilized in solution with a surfactant (sodium dioctyl sulfosuccinate).
A distinctive feature of all the preparations selected for the study is that the nanocluster silver contained in them is stabilized in aqueous solutions (suspensions of silver nanoparticles) and exhibits a high stability and ability to be active for a long time.
The antimicrobial activity of nanocluster silver contained in the above preparations was determined by a micromethod based on serial dilutions in a Gause's liquid medium, which makes it possible to record minimum inhibitory concentrations (MICs) of nanocluster silver for a given antimicrobial preparation with respect to a particular microorganism [30] .
Experiments on the determination of MICs were conducted three times each; the results were averaged. The error in the determination of MICs was 15%.
The antimicrobial properties of nanocluster silver from the different preparations were tested for the fol- Strains of the studied microorganisms were provided by the Saratov Regional Center for Sanitary and Epidemiologic Supervision, the Russian Research Anti-Plague Institute Mikrob, and the Vavilov State Agrarian University of Saratov.
The MICs were determined as follows. Aqueous solutions of nanocluster silver from the selected set of preparations with different silver concentrations were prepared in containers by diluting the initial aqueous solutions of preparations. The degree of dilution was varied from two-fold to 100-fold. Bacterial suspensions in a Gause's liquid culture medium were then introduced into the prepared solutions of the test antimicrobial additives; incubation was run at a temperature and time optimal for the growth of a given bacterial culture. After the completion of the incubation, the presence or absence of bacterial culture growth in each of the containers with different silver concentrations was determined. In this case, it was assumed that the MIC of silver is an Ag concentration at which visual signs of bacterial culture growth-solution turbidity, sedimentation of bacterial cells, etc.-were not observed.
The MIC against fungi was determined in accordance with a procedure similar to that used for bacteria, except that fungus suspensions in a respective liquid culture medium were introduced into the prepared diluted solutions of the test antimicrobial additives. The incubation of the seeded solutions was run at a temperature and time optimal for the growth of a given fungus culture. After the completion of the incubation, the presence or absence of growth of the yeast or mold culture in each of the containers with different silver concentrations and the MIC against each of the fungus strains were determined.
To study the antimicrobial activity and other characteristics of chitosan filtration membranes modified with nanocluster silver, four experimental samples of isotropic microfiltration membranes were prepared; the samples had different thicknesses h and amounts of introduced nanocluster silver m ns .
The membranes were prepared using chitosan extracted from crabs.
The chitosan was obtained on a pilot plant at the Khitozanovye tekhnologii company of the Volga-Tekhnika Technology Park of the Gagarin State Technical University of Saratov. The raw material for the chitosan was the Kamchatka king crab shell, which was subjected to demineralization and deproteination to extract chitin. The chitin was then treated with a 50% NaOH alkali solution at a temperature of 130°C for 30 minutes to provide a partial deacetylation of the chitin and to obtain powdered chitosan with the following characteristics: a viscosity-average molecular weight of a degree of deacetylation of 80 ± 2 mol %, and a relative humidity of ϕ = 10.7 ± 0.2%.
The particle size distribution of the original powdered chitosan was determined by granulometric analysis. The chitosan powder had a polydisperse composition and consisted of particles with sizes of 0.25-2.0 mm. There were two main fractions with particle sizes of 1-1.5 and 0.45-0.63 mm; their content in the weighed portion was 32 and 28%, respectively.
The pore structure of the powdered chitosan was studied by nitrogen porosimetry. It was found that the chitosan contains mesopores with radii of 4-55 nm and has a specific surface area of about 8 m 2 /g.
Studies of the amorphous-crystalline structure of the chitosan feedstock, which was conducted on a DRON-3 diffractometer, showed that the degree of crystallinity of chitosan is 50 ± 2%.
The chitosan casting solutions were prepared using an aqueous acetic acid solvent in accordance with a procedure involving specific technological stages that was proposed in [3] .
Salt membrane castings were prepared by casting the prescribed chitosan solutions into a glass Petri dish. A predetermined amount of nanocluster silver was introduced into the chitosan casting solution; the resulting mixture was vigorously stirred. The resulting gel castings were held at a temperature of 50 ± 2°С for 12 hours to form a film structure. The resulting salt membrane samples, together with the substrate, were then immersed into a neutralizing 1 M NaOH solution in a container for two hours. After that, the samples were washed with distilled water until their pH value was ≥8. The membranes were separated from the substrate, fixed on an antishrink loop, and held there until air-dried for three days.
The following parameters were determined for the synthesized membrane samples modified with nanocluster silver: thickness h, maximum degree of absorption of water vapors α max , maximum water uptake W max , elastoplastic properties (breaking stress σ br and η = ± 420 10 kDa, M elongation at break ξ br ), and antimicrobial activity against pathogenic bacteria and fungi.
The thickness of the membrane samples was measured using a micrometer with an accuracy of 5 μm.
The degree of absorption of water vapors and water by the film material samples was determined by the gravimetric method according to the difference in the weights of the membranes before and after their swelling in water vapors or distilled water. The samples were weighed on an electronic balance with an accuracy of 10 -4 g.
The breaking stress and elongation at break of the membrane samples were determined on a WDW-5E universal electromechanical testing machine (Time Group) with an accuracy of 1.5 MPa and 0.2%, respectively.
The antimicrobial activity of the membrane samples modified with nanocluster silver was determined by the disk diffusion test [29] . Since the disk diffusion test is characterized by technical availability, flexibility, and low-cost testing, it is most commonly used to determine the sensitivity of microorganisms to antimicrobial materials. A culture medium for microorganisms was placed on the surface of a Petri dish during testing. A suspension of the test microorganism was then seeded on the surface of the culture medium using the "lawn seeding" method. Disk-shaped membrane samples with a diameter of 4 mm and different amounts of silver were then successively placed on the lawn. The exposure time was 24-48 hours. The antimicrobial activity of the film samples was determined from the diameter of the microorganism growth inhibition zone around the disk (brightened zone), which was measured in millimeters. The sensitivity of bacteria and fungi to the chitosan membrane samples with an antimicrobial additive was determined after measuring the diameters of the brightened sterile zones according to the tests shown in Table 1 [29] .
The accuracy of determination of the diameters of the microorganism growth inhibition zones was 0.5 mm. The results were rounded to the nearest integers. Tables 2 and 3 show the results of determination of the MICs of the nanocluster silver contained in the studied antimicrobial additives against bacteria and various yeast-like and mold fungi.
RESULTS AND DISCUSSION
An analysis of the results (see Tables 2, 3) showed that the nanocluster silver contained in Argovit exhibits the highest antibacterial and antifungal activity. The amount of silver from this preparation required for the inhibition of growth of the test microorganisms is two to three times lower than the amount of silver from other preparations. It was therefore the nanocluster silver from Argovit that was used as an antimicrobial additive to the experimental samples of chitosan-based filtration membranes. MEMBRANES Tables 4 and 5 show the characteristics of the experimental samples of chitosan membranes modified with nanocluster silver from the Argovit preparation. The results shown in these tables make it possible to determine the effect of the membrane thickness, the degree of absorption of water vapors, and the water uptake on the elastoplastic properties of the membranes, such as breaking stress σ br and elongation at break ξ br . Tables 4 and 5 shows that an increase in the thickness of the membranes in the air-dry state from 50 ± 5 to 150 ± 5 μm leads to an increase in σ br from 117 ± 2 to 149 ± 2 MPa and a decrease in ξ br from 4.6 ± 0.2 to 2.7 ± 0.2%. In this case, the maximum degree of absorption of water vapors by the membranes α max decreases from 52 ± 1 to 45 ± 1%, while the maximum water uptake W max decreases from 124 ± 1 to 115 ± 1%.
An analysis of the data in
The synthesized membranes containing chitosan in the base chemical form are water resistant during the absorption of water vapors up to the maximum (equilibrium) degree of absorption (α max = (45-52) ± 1%) and do not dissolve in water even at the maximum (equilibrium) water uptake (W max = (115-124) ± 1%). Argovit  5  10  10  10  15  15  Argodez  10  15  15  15  20  20  AgBion-2  10  30  30  30  30  40  Argonika  10  20  20  30 30 30 Table 3 . Tests on the determination of the degree of sensitivity of bacteria and fungi to membrane samples with a nanocluster silver additive
Diameter of the growth inhibition zone (brightened zone), mm Degree of sensitivity 0 T o l e r a n t 1-15
Low-tolerance [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Sensitive More than 25 Highly sensitive In addition, Table 5 shows that with an increase in the fraction of absorption of water vapors in the membrane structure from 20 to 100% with respect to the equilibrium value, the σ br value decreases from 135 ± 2 to 40 ± 2 MPa, while the ξ br value increases from 2.7 ± 0.2 to 18.0 ± 0.2%. At the same time, the membraneseven with the highest degree of swelling-exhibit fairly high strength characteristics.
The results of the determination of the antibacterial activity of the membrane samples against the bacteria selected for testing are shown in Table 6 . Table 6 shows that all three types of bacteria selected for testing exhibited a high sensitivity to all the four chitosan-based membrane samples containing 1-10 mL of nanocluster silver per gram of chitosan. The diameter of the bacterial growth inhibition zone around all the samples was 27-45 mm, which is higher than the diameter of 25 mm corresponding to the highly sensitive zone (see Table 1 ).
For yeast-like and mold fungi (see Table 7 ), the highly sensitive zone of inhibition of their growth is provided by membrane samples nos. 1 and 2, in which the silver content is 10 and 4 mg per gram of chitosan, respectively. Samples nos. 3 and 4, in which the silver content is 3 and 1 mg per gram of chitosan, respec-tively, have a weaker inhibitory effect on fungal growth. Their inhibitory effect on the reproduction of fungi corresponds to the "sensitive" zone (see Table 1 ).
The experimental results therefore confirm the presence of brightened zones free from the test pathogenic microorganisms around the chitosan membrane samples with nanocluster silver additives. The presence of these zones suggests that silver nanoclusters included in the membrane structure preserve the ability to constantly generate and accumulate Ag + ions and, therefore, exhibit high antimicrobial activity. Ag + silver ions are eliminated from the surface of silver nanocluster particles; they migrate to the surrounding zones and interact with cells of harmful microorganisms in accordance with various mechanisms (adsorption, electrostatic, enzymatic, mutagenic) to cause the cell death.
CONCLUSIONS
(1) Nanocluster silver contained in all the studied commercially available domestic preparations (Argovit, Argodes, Argonika, AgBion-2) exhibits a pronounced antimicrobial activity against aerobic and anaerobic bacteria and mycelial mold and yeast-like fungi. The highest antibacterial and antifungal activity is exhibited by nanocluster silver from the Argovit preparation, which is recommended for use as an antimicrobial additive.
(2) The synthesized membranes containing chitosan in the base chemical form are water resistant up to an equilibrium degree of saturation with water vapors of 45-52%; they do not dissolve in water even at an equilibrium water uptake of 115-124%. In the swollen state, the membranes have fairly high strength characteristics.
(3) Chitosan membranes modified with nanocluster silver provide a highly sensitive zone of inhibition of bacterial and fungal growth upon the addition of nanocluster silver into the membrane composition in an amount of more than 1 mg and more than 4 mg per gram of chitosan, respectively.
(4) Chitosan filtration membranes modified with nanocluster silver can be used for the antimicrobial purification of biological products obtained by membrane methods.
